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Abstract 
We have studied the response of stacks of intrinsic Josephson junctions (IJJs) of (Bi1-xPbx)2Sr2CaCu2Oy (x = 0.15) to 
injection of microwave of frequencies frf of 2-20 GHz at 4.2 K and higher temperatures. Clear constant voltage steps, 
which are considered Shapiro steps, are successfully observed on the current-voltage characteristic of an IJJ with a 
resistivity of Josephson-vortex flow Rfl in any stack under the injection of microwave. The step of the eighth order, 
which is the highest in this study, is observed from the largest IJJ under injection of microwave of 10 GHz at 4.2 K. 
But, as the temperature increases, the number of steps decreases, and finally the steps disappear at ~45 K due to large 
self-heating. In this IJJ a low Rfl plays an important role in appearance of the steps of the high order. The typical 
behavior of the steps at 4.2 K is well reproduced by numerical simulations on that of Shapiro steps of a JJ with the 
shunt resistivity equal to Rfl at the temperature. 
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1. Introduction 
Intrinsic Josephson junctions (IJJs) of Bi2Sr2CaCu2Oy (BSCCO) have been attracting much attention as 
a candidate for a THz emission and detection devices because of their extraordinary characteristics of 
wide application in the THz frequency range [1–5]. Moreover, they are expected as more practical devices 
to cover a relatively wide frequency range of GHz–THz in a wide temperature range. 
Recently, the conditions of observation of Shapiro steps from an IJJ and its stack of BSCCO have been 
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numerically studied considering the d-wave symmetry superconducting gap, thermal noise and low 
external magnetic field by Kitamura et al. [6,7]. And, it has been confirmed that Shapiro steps can be 
observed stably and clearly from the IJJ and its stack under the conditions similar to those for 
conventional low-Tc JJs, that is for the JJ with plasma frequency fpl under irradiation of microwave of 
frequency frf, either frf > fpl or frf < fRC (where fpl = (eIc/hʌC)1/2 and fRC = 1/2ʌRC, in which e, h, Ic, C and R 
are the electronic charge, Planck’s constant, the critical current of the junction, the junction capacitance, 
and the junction resistivity, respectively), or the junction is resistively shunted, according to Kautz et al. 
[8]. Actually, some research groups have successfully observed Shapiro steps from the IJJs of BSCCO 
under the above mentioned conditions [4], [9–11].  
More recently, Othman et al. [12] have successfully observed remarkable Shapiro step response of the 
high Ic IJJ of (Bi1-xPbx)2Sr2CaCu2Oy (x = 0.15) (BPSCCO) with an initially induced Josephson-vortex 
flow resistivity acting as a shunt one even under injection of microwave of frf much lower than fpl of the 
IJJ at 4.2 K. This result suggests that the IJJ of BPSCCO with high critical current density Jc may have an 
advantage over those of BSCCO in operation in a wide temperature range as well as over a wide 
frequency range [13].    
In this paper we report the microwave response of the IJJs of BPSCCO and the influence of Josephson-
vortex flow resistivity and elevated temperature on it.  
2. Experimental 
The BPSCCO single crystals with Pb content of x = 0.15 were grown by using a conventional melting 
method reported elsewhere [14]. Platelets of the single-crystals were glued onto glass substrates and 
cleaved in air, and then Au films of ~50 nm thickness were deposited on the cleavage surfaces. After that, 
cross-shaped samples composed of 10–30 IJJs with lateral dimensions of (4–6) × (6–17) μm2 were 
fabricated in the platelets by applying standard photolithography and ion etching successively to either 
surface of them [11]. Additionally, a gold stripline was formed on the top of each sample to inject 
microwave power. 
The samples with Tc of 80–85 K were cooled down to 4.2 K by liquid helium. Then, the current–
voltage (I–V) characteristic of each sample was measured by supplying a current much higher than Ic 
along the c-axis direction. After a resistive branch due to Josephson-vortex flow was observed on the I–V 
characteristic, microwaves of frf between 2 and 20.5 GHz was injected from a microwave source to the 
sample through the stripline, so that the responses of IJJs in it were examined [12]. Furthermore, the 
sample was also examined in the same manner at higher temperatures T. 
3. Results and discussion 
Fig. 1a and b show the typical 0th branches of I–V characteristics of sample 1 composed of a stack of 
19 IJJs with the junction area S of ~100 μm2 (the largest in the present study) without or under injection 
of microwave of frf of 10 GHz at 4.2 K and 12.8 K, respectively. First, we can see there resistive branches 
on the tops of the superconducting branches without injection of microwave to the sample. The resistive 
branches are caused by the Josephson-vortex flow in the sample [12]. In the present case, Josephson 
vortices may be induced and motivated to flow in it by the current applied to it. Then, with injection of 
microwave power P to the sample Ic of the 0th branch decreases and constant voltage steps appear at 
intervals ǻV of ~20 μV on the resistive branch between 4.2 and ~45 K. At 4.2 K there surprisingly 
appears the step of the eighth order for P of ~40 mW, as can be seen in Fig. 1a. This order is the highest 
observed in this study. But, the order nhigh decreases with increasing T, as shown in Fig. 1b and 2. Finally, 
no step appears above ~45 K. This may be due to a large self-heating effect of the sample in the resistive 
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and voltage states. On the other hand, the constant voltage steps observed below ~45 K appear at the 
voltage Vn to satisfy the Josephson frequency-voltage relation Vn = nhfrf/2e for a JJ independently of P 
and T, where n is an integer. Therefore, they may be considered to be Shapiro steps out of an IJJ with a 
Josephson-vortex flow resistivity Rfl acting as a shunt resistivity in the sample under injection of 
microwave power [12].  
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Fig. 1. The typical 0th branches of I–V characteristics of sample 1 without or under injection of microwave of frf of 10 GHz at (a) 4.2 
K and (b) 12.8 K. 
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Fig. 2. The highest order nhigh of Shapiro steps under injection of microwave of 10 GHz as a function of temperature T. 
346   G. Oya et al. /  Physics Procedia  36 ( 2012 )  343 – 348 
Now, we compare the typical properties of sample 1 with those of other samples 2 and 3 at 4.2 K to 
observe the Shapiro steps of the higher order. Table 1 shows S, Ic, Rfl as the basic properties and ǻV and 
nhigh as the response properties of the samples to injection of microwave of frf of 10 GHz at 4.2 K. From 
these properties, it can be seen that an IJJ in each sample responds to the microwave injection and the 
notable nhigh appears from the IJJ in sample 1. Here, we notice that sample 1 has the lowest Rfl and Jc with 
largest S among the samples. And hence, it has the lowest power dissipation per unit junction area in the 
state of Josephson-vortex flow among them. Moreover, the Rfl plays the shunt resistivity for the IJJ to 
respond well to the injected microwave. Therefore, it is obvious that the low Rfl may play an important 
role in appearance of Shapiro steps of the high order with low power dissipation of the IJJ not only at 4.2 
K but also at higher T.  
 
Table 1. Typical properties of three samples at 4.2 K. 
 
 
 
 
 
 
Moreover, we calculate the dc I–V characteristics of the JJ corresponding to those of the IJJ of the 
sample 1 under injection of microwave, and compare the experimental results with the numerical results 
to clarify the behavior of the IJJ under the injection of microwave. In the present case, we assume that any 
external magnetic field and electric interaction between neighboring IJJs may be negligible. Then, 
according to Kitamura et al. [6], the current equations normalized by Ic of a JJ is given by 
 
  ,0)}()({)(11
4
)(1
2
2
2  ¸¸
¹
·
¨¨
©
§
¸¸
¹
·
¨¨
©
§
 titi
dt
td
RReI
h
dt
td
extCP
shuntncp
M
S
M
Z
 
 
   ,sin0 titiiti noiserrext  Z                                                                                                   (1) 
                             
where Ȧp = 2ʌfpl, ĳ(t) is the phase difference between order parameters of the two superconductors, Rn is 
the normal resistance, Rshunt is the shunt resistance, icp(t) is the normalized current due to the Cooper pair 
tunneling, iext(t) is the normalized external total current, i0 is the normalized external dc current, irsinȦrt is 
the normalized external ac modulation current with the frequency Ȧr, and  inoise(t) is the normalized 
current due to thermal noise. Thus, the dc I–V characteristics are numerically calculated using Eq. (1) for 
frf of 10 GHz at 4.2 K. In this case, Rfl may be assumed to behave as Rshunt and is estimated to be ~50 mȍ 
from Fig. 1a, while Rn may be negligible [12]. As a result, clear Shapiro steps are successfully obtained 
numerically, being similar to the steps observed experimentally. Fig. 3 shows a comparison between the ir 
dependence of heights of the numerically obtained steps and the corresponding P1/2 dependence of heights 
of the experimentally observed steps for n = 0 and 1. As can be seen in this figure, close agreement 
between the observed and calculated values of step heights is obtained.  From this result, the 
Sample 
No. 
S (μm2) Ic (mA) Rfl (mȍ) ǻV (μV) 
frf=10 GHz 
nhigh 
frf=10 GHz 
1 100 4.5 50 20 8 
2 40 2.0 100 20.5 4 
3 37 4.8 75 20.5 4 
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experimentally observed steps are concluded to be Shapiro steps from the IJJ with Josephson-vortex flow 
resistivity corresponding to shunt resistivity.   
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Fig. 3. Calculated and measured step heights for n = 0 and 1 as a function of ir and ¥P, respectively, for frf of 10 GHz at 4.2 K . 
 
Additionally, the influence of Rfl on the appearance of Shapiro steps out of the above IJJ in sample 1 is 
numerically studied. As a result, it is suggested that a lower Rfl may be favorable to observe the Shapiro 
steps of the higher order and larger amplitude in the IJJ under the injection of microwave in the above 
mentioned region of power and frequency.  
4. Conclusion 
We studied the response of IJJs of (Bi1-xPbx)2Sr2CaCu2Oy with Josephson-vortex flow to injection of 
microwave of frf of 2-20 GHz at 4.2 K and higher T. Clear constant voltage steps up to the eighth order, 
348   G. Oya et al. /  Physics Procedia  36 ( 2012 )  343 – 348 
which were recognized as Shapiro steps, were successfully observed on the resistive branch on the top of 
the superconducting branch of the I–V characteristic of a large IJJ under injection of microwave of frf of 
10 GHz at 4.2 K. But, as the temperature increased, the number of steps decreased, and finally the steps 
disappeared at ~45 K due to large self-heating. The behavior of the steps at 4.2 K was well reproduced by 
numerical simulations on the Shapiro steps of a JJ with the shunt resistivity equal to the Josephson-vortex 
flow resistivity. The low Rfl played an important role in the appearance of Shapiro steps of the high order 
and the large amplitude in the IJJ. 
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